We describe a case study involving the application of a water quality (WQ) assessment for Lakes Rotorua and Rotoiti, New Zealand. Our major objective was to compare an established water quality system based on a trophic level index (TLI) against an alternative Delphi method (DM) which uses an assembled expert panel including specialists in limnology and water resources management. The set of water quality indices (WQI) established with DM captures the major uses of water resources of the studied lake ecosystems: conservation and recreation. The set of permissible ranges for individual WQIs assessed with DM allows a "reference state" to be defi ned for WQ in the study lakes. The TLI and DM were closely correlated when eutrophication was the overarching issue, but much less so when resources and uses of the lake ecosystems were taken into consideration. Water resources management based around the TLI is commonly targeted at oligotrophication of aquatic ecosystems to improve WQ, often in association with reducing economic activities in watersheds. In contrast, the DM allows a more complete assessment that aligns with sustainable management of natural water resources but also includes the need for conservation.
Introduction
Water quality (WQ) is a term used broadly to describe aspects of the composition of water, but rarely is this term defi ned quantitatively. WQ should depend on the objectives and criteria for water resources management (Brown et al. 1970; Parparov et al. 2006; Parparov and Hambright 2007) . It is frequently associated with concepts of sustainability and optimal management of water resources. An assessment of WQ should provide a framework by which objectives for achieving sustainable management of waterbodies can be assessed and demonstrated, which is especially relevant when there is a need to balance ecological and socio-economic interests. Development of relationships between water quality indices (WQI) and forcing factors, such as external nutrient loading, water consumption, and climate change, is a key task for scientifi cally based water resources management.
Water resources management generally involves enactment of a policy to promote optimization of economic benefi ts (or minimization of expenses) under conditions that do not compromise the resource quality or ecological integrity. An objective function (Q) has previously been defi ned for this purpose (Kalceva et al. 1982; Parparov and Hambright 2007): where EA refl ects an economic activity in a lake and its watershed, expressed as a nutrient and/or pollutant load, WQ is the lake water quality, and CB is an economic yield associated with management of the waterbody. By defi ning the relative contributions of EA, WQ, and CB, to Q, it is then possible to optimize the value of Q to help to defi ne policy that optimizes water resources management.
Methods for the quantifi cation of WQ have been described over several decades (e.g. Horton 1965; Ott 1978) and have been formalized through an expert panel assessment method known as the Delphi method (DM) (Brown et al. 1970) . Practical implementation of these concepts has been limited mostly to the USA (e.g. Cude 2001), Israel (Hambright et al. 2000; Parparov and Hambright 2007) , Belarus (Ostapenia 2000; Parparov et al. 2006) and New Zealand (Smith 1987 (Smith , 1990 . Examples of quantitative estimates of lake WQ in Europe are comparatively rare.
A different concept involving trophic classifi cation arose in response to the problem of eutrophication of waterbodies, which was widely reported globally in the 1960s and 1970s as human population expanded rapidly, and nutrient loads from watersheds increased. The trophic classifi cation system, with waterbodies categorized on scales from ultra-oligotrophic to hypereutrophic, has generally emphasized the need to control phosphorus because of its key role in limiting primary productivity (Dillon and Rigler 1975; Vollenweider 1976) .
Some trophic classifi cation approaches have assigned numerical values to trophic status, including the Trophic State Index value (Carlson 1977 ) and a modifi cation; the Trophic Level Index (TLI) (Burns et al. 2005) . In subsequent work (Carlson and Simpson 1996) , it was noted that "An unfortunate misconception concerning trophic state is that the term is synonymous with the concept of water quality. Although the concepts are related, they should not be used interchangeably."
Despite this warning, the trophic system of classifi cation is widely used for WQ assessment. In trophic classifi cations of waterbodies, oligotrophic lakes are considered to be of "good" WQ, and eutrophic lakes of "bad" WQ. The trophic classifi cation system ranks lakes according to their algal biomass and nutrient regimes, and thereby refl ects responses to various forcing factors (e.g. nutrient loading) in terms of changes in trophic state (Carlson 1977; Hakanson and Boulion 2002; Burns et al. 2005 ).
Water quality is a term used to describe the condition of a waterbody in relation to human needs or values, and is therefore likely to be subject to perceptions and biases of the observer. Quality is not an absolute term; the terms "good" or "poor" WQ are subjective terms that refl ect the assessment of the user and the uses of the water. For example, an oligotrophic lake may be considered to have good WQ for swimming but poor WQ for fi shing. Confusion can therefore ensue when the term "trophic state" is used to infer quality. A statement in Section 303(c) of the Clean Water Act guidelines in USA (US EPA 2002) refl ects the complex multiple uses associated with WQ "…standards should be established for waterbodies taking into consideration their use and value for public water supplies; propagation of fi sh and wildlife, recreational, agricultural, industrial, navigation and other purposes."
There are many different systems of classifi cation of natural waterbodies, and lakes and reservoirs can be classifi ed according to stratifi cation (e.g. homothermal or stratifi ed), geographical zonation (e.g. alpine, tropical, lowland) and trophic state (e.g. oligotrophic, mesotrophic, eutrophic). However, none of these classifi cation schemes is able to answer the question of whether the quality of a waterbody can be described as "good" or "bad" as each is based on a subset of the broader criteria used to defi ne WQ.
Here, we describe a case study involving a WQ assessment for Lakes Rotorua and Rotoiti, North Island, New Zealand. Our major objective was to compare the established sets of WQI based on trophic assessments (Carlson 1977; Burns et al. 2005 ) against an alternative DM (Brown et al. 1970 ) using an assembled expert panel. The former method is an accepted tool for WQ assessment in New Zealand lakes (Burns et al. 2005) and has been applied previously to the two lakes of this study (Scholes and Bloxham 2006) .
Study Site Description
Lakes Rotorua and Rotoiti belong to the Rotorua Lakes located in North Island of New Zealand. Limnological features of these two lakes are given in Table 1 ; the lakes have been the subject of intense study over many years.
Lake Rotorua is a highly productive system (primary production 750-850 g C m -2 yr -1 ; Vincent et al. 1984 ) polymictic lake with brief periods of stratifi cation (days to weeks) during summer, interspersed with well-mixed conditions (Burger et al. 2008) . It is one of the main tourist attractions of the region and is a productive trout fi shery that also supports other recreational activities including boating and some direct-contact recreation.
Lake Rotoiti is connected Lake Rotorua through the Ohau Channel, which prior to implementation of a diversion wall in 2008, was the major infl ow to this lake. The lake is monomictic with a stratifi cation period extending from October to June. Lake Rotoiti has previously been considered to be in a stable mesotrophic state (Burns et al. 1997) , with moderate nutrient levels and a mean Secchi depth around 5 m. However, there appears to have been a signifi cant deterioration in WQ, particularly in the austral summers of 2002-2003 and 2003-2004 , when Secchi disk depths were regularly less than 2 m in the main lake basin (Beyá et al. 2005) . Taxonomic investigations of Lake Rotoiti phytoplankton have indicated a shift towards cyanobacterial dominance (Vincent et al. 1984; Scholes and Bloxham 2006) .
Assessment of the Water Quality of Lakes Rotorua and Rotoiti with the Tropic State Index Burns et al. (2005) modifi ed the Trophic State Index developed by Carlson (1997) and named it the Trophic Level Index (TLI). These two indices use identical input variables of chlorophyll a concentration (Chl), Secchi Depth (S) and concentration of total phosphorus (TP), while the Burns et al. (2005) index also includes total nitrogen (TN). The dependence between the selected WQIs and the respective trophic index value is described by the following equations (Burns et al. 2005) :
These equations indicate that any increase in trophic status (i.e. increasing Chl, TN, or TP, or decreasing S) will increase the TLI, thereby increasing productivity and resulting in a deterioration of WQ. The aggregated value (TLI) is calculated as an arithmetic average of the individual TLIs (equations 2 to 5).
Temporal dynamics of the individual TLIs are monitored monthly in the 12 Rotorua lakes as part of a monitoring program conducted by the regional management authority (Scholes and Bloxham 2006) . For Lakes Rotorua and Rotoiti a management plan has been developed with a goal of achieving TLI values of 4.2 and 3.5, respectively, with exceedance of these values considered to represent degraded WQ (Burns et al. 2005) .
Methods

Implementation of the Delphi Method
In our study, the DM (Brown et al. 1970) , also known as the "rating curve" method, was applied for WQ assessment of Lakes Rotorua and Rotoiti. The fi rst stage of the assessment was to assemble an expert panel, which included four experienced specialists in limnology (from the University of Waikato) and four senior specialists in water resources management (from the Environment Bay of Plenty; Wellington Conservation Board). In the fi rst questionnaire, experts were requested to respond to the following questions:
 What are the main uses of the lakes and what priority is assigned to each? The individual experts selected points within the known range of each variable to defi ne ratings values. An average of the expert ratings was calculated in order to reconstruct an 'average' curve for each variable using a piecewise function: Fig. 1 . Example of the rating curve for TP in Lake Rotoiti using two expert opinions (the two authors).
where R is the average rating value and WQI is the variable (e.g. TP concentration). In the case of signifi cant deviations between individual ratings of an expert and the average rating curve, experts were requested to re-consider their assigned ratings curves and in some cases, changes ensued. We compared the rating curves established by the 'limnologist' and the 'manager' groups, of which there were equal numbers in each group. The rating curve equations allowed assessment of the acceptable range of each WQI:
where WQI p is the acceptable value;  means correspondence, and WQI low and WQI high are the lower and the upper permissible values of the index, arbitrarily assigned at values of 60 and 100, respectively.
Comparison of Delphi and Trophic State Methods
To compare the different methods of WQ evaluation; the TLI (Burns et al. 2005) , and the DM (Brown et al. 1970 ), we established a correspondence between the TLI value and the rating (R), with a descriptive assessment over the range of values from 'very bad' to 'excellent' (Table 3) . To relate ratings values (R) to TLI units (equations 2 to 5) the following equation was used:
As shown in Table 3 , TLI varies from a value of 2 (oligotrophic, considered to be excellent WQ) to 6 (hypereutrophic, considered to be very bad WQ). A similar correspondence in the Delphi system is described by the rating curve, in which the values of WQ rating vary from 100 (excellent) to 0 (very bad). It was assumed for both systems that the acceptable WQ corresponds to 60R100.
Results
Main Uses and Sets of Water Quality Indices
Because there was very little difference in the two groups of experts' opinions, we combined the information provided by the eight experts to determine an average value for the major priorities of water use in the two lakes. Conservation and recreation were the assessed dominant priorities, of similar percentage, with noncommercial fi sheries also prominent (Fig. 2) . The priority assigned for 'scientifi c research' of the two lakes was assessed to be relatively low (less than 8%), for both the collective group and the scientists themselves. The expert panel considered the two greatest threats to the WQ of both lakes to be eutrophication and increases in nutrient (TN and TP) loading.
The experts established the period from 1970 until 1980 as a "reference state" for valuing lakes WQ but also accepted that returning the lake ecosystems to earlier periods (e.g. 1960s) may currently be unrealistic.
There was signifi cant divergence in the experts' estimates of the current WQ state of the two lakes, though most assessments were between 'intermediate' and 'bad'. The experts were divided equally in their assessment of whether the current TLI system correctly refl ects the existing environmental threats to the two lakes.
All experts included major nutrients (TN and TP) and Chl in the list of potential WQIs (Fig. 3) . In contrast to the TLI system, which includes Secchi depth as a fourth defi ning variable, the experts ranked % Cyano in total phytoplankton biomass as the next most important WQI. The major difference in the experts' rankings of WQ variables was the inclusion of volumetric hypolimnetic oxygen defi cit of dimictic Lake Rotoiti, while the concentration of suspended matter (TSS) was included in the WQ variables for shallow, polymictic Lake Rotorua. 
Development of Rating Curves
The data summarized in Table 2 allowed us to establish a set of WQIs for lakes Rotorua and Rotoiti. The next step was to establish functional dependences between ecological and rating values of each WQI in the form of a rating curve (equation 7). The rating curves for the two selected expert groups (limnologists and managers) were very similar (e.g. Secchi depth in Fig. 4a , and TP in Fig.  4b ) and, again, allowed an average curve to be calculated from the individual rating curves established by the two groups of experts. The assessment of the rating curves for % Cyano was given further attention. The 'managers' accepted the point of the 'limnologists' that cyanobacteria represent a natural component of the phytoplankton assemblage of the Rotorua Lakes ecosystem, and should therefore not be considered as a pollutant in a similar way to E. coli. Tables 4 and 5 present summaries of the results arising from the expert panel, including the piecewise equations that approximate the expert panel rating curves, and the permissible ranges for WQIs (i.e. where R = f(WQI)  60).
The expert panel agreed that acceptable Chl concentrations should be lower, and Secchi depth higher in Lake Rotoiti than in Lake Rotorua (Fig. 5) . In other words, the rating curves clearly indicated the experts' view that trophic status should be lower in Lake Rotoiti than in Lake Rotorua. By contrast, for E. coli there were identical rating curves and permissible ranges for the two lakes. 
Aggregated Water Quality Indices
Ideally, it would be desirable to aggregate all WQIs into a single index for each lake (e.g. Parparov and Hambright 2007) . However, there were suffi cient data to determine reliable annual arithmetic averages for input to the WQ index for four variables only. These variables were TP, TN, Secchi depth, and Chl. Temporal dynamics of these indices in a period from 1992 to 2005 (Fig. 6) have similar features, due to signifi cant inter-correlations Figure 6 . Rating values of individual water quality indices for Lake Rotorua and Lake Rotoiti (fi lled and transparent columns, respectively), calculated from data of Scholes and Bloxham (2006) . Rating values below the horizontal line (R<60) correspond to impaired water quality (see Table 3 ). amongst them (Burns et al., 2005) . In Lake Rotorua, however, the Secchi depth varied within its permissible range (R[S]>60) (Fig. 6) (Fig. 6 ) and the respective ratings were more strongly correlated (r2 = 0.61). Presumably, in polymictic Lake Rotorua, algal abundance (as Chl) has less infl uence on water clarity than other factors (i.e. TSS) and this is refl ected in the experts' attribution of greater importance for TSS in Lake Rotorua. Figure 7 shows the averaged rating value (R) derived from the individual rating values for each variable. Lake Rotorua shows cyclical variations through the period of analysis, including periods 1992-1993, 1997, and 2000 , when the rating value was less than 60. In recent years however, there appears to have been a more prolonged period of deterioration with aggregated R<60 (2002) (2003) (2004) (2005) WQ estimates using the TLI system and DM for the variables commonly measured in both systems (TN, TP, Chl, and Secchi Depth) were reasonably well correlated (Table 6 and Fig. 8 ). These relationships were obtained despite the use of different expert groups, as well as substantially different approaches. The rating of Chl and the TLI values were the least correlated (r 2 =0.87, Fig. 8b ). 
Discussion
The results of the expert panel assessment and the subsequent analyses allowed us to make an important step towards quantifi cation of WQ in the two Rotorua lakes. The expert panel included qualifi ed specialists from both water resources management and limnology, leading to increased generality of the results. The established set of WQIs represents major uses of water resources of the lake ecosystems; conservation and recreation, and therefore may serve as a basis of a "common language" for communication between different partners in water resources management. The results of the expert panel assessment provide a basis for scrutiny of the monitoring program in the Rotorua Lakes. The parameters included as WQIs (Table  2) should be monitored with suffi cient temporal and spatial resolution to meet the requirements of ecological models with more complex outputs, and which can assist with addressing specifi c resource management requirements. It is notable that some WQIs are not part of the TLI, which is used as the basis for management of lakes Rotorua and Rotoiti. The variables not routinely reported include hypolimnetic oxygen defi cit, % Cyano in algal biomass, TSS, E. coli counts, and zooplankton biomass. Some of these indices are important public health indicators. For instance, presence of cyanobacterial bloom affected recreational use of these lakes for more than 60% of the visitors (EBP 2007). However, the assessment of the permissible ranges for %Cyano (Tables 4&5) should take into account that cyanobacteria are a regular phenomenon in relatively productive Rotorua Lakes and their complete elimination is not technically reliable. In contrast to this, E. coli is an indicator of domestic pollution, which could and should be easily prevented. Therefore, suggested permissible limits for E. coli (less than 0.88 per 100 mL) are signifi cantly lower of those assessed for the recreational use of the Rotorua Lakes (126 E. coli colonies per 100 mL of water, EBP [2007] ).
Comparison of WQ estimates made with the TLI system and the DM reveals conceptual distinctions between the two. Trophic level is not synonymous with WQ (Carlson and Simpson 1996) . Oligotrophication, considered as a goal of water resources management, without a defi nite lower boundary may lead to negative consequences (Parparov et al. 2006) including: a decrease in fi sh productivity, excessive growth of macrophytes, and loss of ecosystem stability and diversity. Table  7 shows a comparison of concentrations of TN, TP and Chl, and Secchi depth, for TLI values assigned as goals for restoration of Lakes Rotorua and Rotoiti, against corresponding values based on the DM (see formulations in Tables 4 and 5 ). The lower limits derived for each of the WQIs should prevent a scenario of severe oligotrophication.
With respect to Lakes Rotorua and Rotoiti, the DM provides a basis for sustainable management that permits variability of WQ within predefi ned limits. We suggest that the permissible ranges for individual WQIs (Tables 4  and 5 ) can be used to estimate "reference states" for WQ in Lakes Rotorua and Rotoiti. The WQIs can also serve as a basis for output from ecological models as opposed to individual state variables, for direct comparisons pertaining to water resource use and management.
According to the DM, excessive oligotrophication of Lakes Rotoiti and Rotorua, given by Chl<1.4 and 4.4 μg l -1 , respectively, would equate to a deterioration in lake WQ; whereas in the TLI system, low Chl concentrations (Chl<6.6 and 3.2 μg l -1 in Lakes Rotorua and Rotoiti, respectively), would continue to represent improvements in WQ (Table 7) . The observed WQ values in 1990-2005 in both lakes correspond to the "eutrophic" part of the respective rating curves (i.e. higher nutrient concentrations and lower Secchi depth values; Fig. 9 ). Therefore, the trophic level and rating values for nutrients and Secchi depth correlated reasonably well (respective r 2 values from 0.933-0.996, see Table 6 and Fig. 8a and b) .
In contrast to Secchi depth, the multiannual Chl values were sometimes less than 10 μg l -1 (i.e. were located in the "oligotrophic" region of the rating curve; Fig. 9 ). Following the TLI system concept, the respective TL Chl values should be lower (equation 2), (i.e. WQ should be better). These contradictory assessments result in a lower percentage of variation explained (r 2 =0.874) for the relationship between TL Chl and the respective rating value (Table 6) .
Generally, the TLI system and DM provide similar WQ estimates when the effects of eutrophication are the primary consideration but may lead to contradictory results for cases of excessive oligotrophication. Such a situation could hypothetically arise, for example, if the trophic status of two study lakes was reduced signifi cantly by invasion of zebra mussel (Dreissena polymorpha). According to the TLI system, such a scenario would improve WQ mostly because of reduction in Chl and improved water transparency. On the other hand, the established WQI based on the DM would lead to an interpretation of this situation as an ecological disaster.
Decades of protection of aquatic ecosystems against eutrophication have dogmatized as indistinguishable the correspondence between lake trophic status and WQ. As a result, principles of lake management and regulatory controls are based almost solely on attempting to reduce trophic status, and not for uses of the water resource. Historically, the Vollenweider-Dillon-Rigler concept of relating lake trophic state to a function of external P-load (Vollenweider 1976) together with the present TLI system, has resulted in the application of diminishing external (watershed) phosphorus loading as a universal management measure for improvement of lake WQ. However, considering the impact of biota and internal loading in P-cycling has clearly demonstrated the many factors that may complicate this relationship, particularly when oligotrophication is the only goal (Umnov 1997) . Of course, the threats associated with external nutrient loading should not be ignored. Recent modeling studies (Gal et al. 2009 ) indicate that that the external nutrient loading is a factor that may stimulate cyanobacteria development and thus the deterioration of lake WQ. According to the DM, TP (and by implication, P-load) may vary within relatively wide ranges (Table 7) . Water resources management within established acceptable ranges of the nutrient loads should also allow WQ to be maintained within permissible ranges for designated water uses: ecosystem conservation and recreation.
The concept of sustainable water resources management is linked to the stability and resilience of aquatic ecosystems (Carpenter et al. 1999; Walker et al. 2002) . In this context, the acceptable limits for WQ and major management measures assessed with the DM should allow maintaining a lake ecosystem within its stability limits, and not allow oscillations associated with a degradation of the water resource. The case of alternative stable states in shallow lakes (characterized by either clear-water with macrophytes as the dominant plant community or turbid-water that is devegetated [Scheffer et al. 2001; Schallenberg and Sorrell 2009] ), may be able to be interpreted in this context. For example, the acceptable limits for optimizing water resource management in a shallow lake could equate to a boundary that ensured minimizing the probability of a switch from clear-water to turbid-water. Note, that the both clearand turbid-water states in some shallow lakes could provide signifi cant ecosystem services (e.g. for recreation or fi shery uses). Methods of quantifi cation of ecosystem stability have been less extensively developed than those for WQ quantifi cation, making it diffi cult to ascertain quantitatively the major transitions that can occur due to alternative stable states. Future research could usefully more tightly couple the DM into a framework that combined the requirements of sustainable management and ecosystem stability.
Conclusions
In this study, two methods were applied for WQ assessment for Lakes Rotoiti and Rotorua: the Trophic Level Index and the Delphi method. An established set of WQIs was selected by an expert panel to represent major uses of water resources of the lake ecosystems: conservation and recreation. The selection of permissible ranges for individual WQIs allowed for the derivation of reference states for WQ in Lakes Rotorua and Rotoiti. Comparison of WQ estimates made with TLI and DMs indicates close correlation between them if eutrophication problem is the sole or major focus. Conceptual distinction exists between the two WQ estimations in cases of excessive oligotrophication (outside of the reference state), which may be refl ected in a decrease in fi sh productivity and increase in the area occupied by macrophytes. Indices based on trophic state refl ect a classifi cation system which neglects specifi c characteristics of aquatic ecosystems and their use as a water resource. The trophic state based system indirectly assumes minimization of economic activities in catchment areas as the most radical way for improvement of WQ, and its strict application perceives any shift towards extreme oligotrophication as benefi cial. Implementation of the trophic state based WQ system is therefore not fully compatible with the needs of sustainable management of natural water resources. In contrast to this, the DM allows better accounting for the needs of conservation and thus sustainable management of natural water resources. 
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